Collisional ring galaxies are the outcome of nearly axisymmetric high-speed encounters between a disc and an intruder galaxy. We investigate the properties of collisional ring galaxies as a function of the impact parameter, the initial relative velocity and the inclination angle. We employ new adaptive mesh refinement simulations to trace the evolution with time of both stars and gas, taking into account star formation and supernova feedback. Axisymmetric encounters produce circular primary rings followed by smaller secondary rings, while off-centre interactions produce asymmetric rings with displaced nuclei. We propose an analytical treatment of the disc warping induced by an inclination angle greater then zero. The star formation history of our models is mainly influenced by the impact parameter: axisymmetric collisions induce impulsive short-lived starburst episodes, whereas off-centre encounters produce long-lived star formation. We compute synthetic colour maps of our models and we find that rings have a B − V colour typically ∼ 0.2 mag bluer than the inner and outer disc, in agreement with observations.
INTRODUCTION
Collisional ring galaxies (CRGs) consist of one or more sharply defined star-forming rings, generally (but not always) with a nucleus inside (Madore, Nelson & Petrillo 2009 ). Theoretical models, both analytical (e.g. Struck-Marcell 1990; Struck-Marcell & Lotan 1990; Appleton & Struck-Marcell 1996) and numerical (e.g. Lynds & Toomre 1976; Theys & Spiegel 1977; Appleton & Struck-Marcell 1987; Appleton & James 1990; Hernquist & Weil 1993; Struck-Marcell & Higdon 1993; Gerber, Lamb & Balsara 1994 , 1996 Horellou & Combes 2001; D'Onghia, Mapelli & Moore 2008; Ghosh & Mapelli 2008; Mapelli et al. 2008a Mapelli et al. , 2008b Mapelli & Mayer 2012; Smith et al. 2012) , suggest that CRGs are the result of nearly axisymmetric high-speed encounters between a disk galaxy (the 'target' or 'primary' galaxy) and an intruder galaxy. After the interaction, radially expanding density waves form because of the crowding of star orbits in the target disk. This causes gas compression and the triggering of a starburst episode along the expanding ring (e.g. Higdon 1995; Higdon & Wallin 1997; Mayya et al. 2005 ;
⋆ E-mail: davide.fiacconi@gmail.com Bizyaev, Moiseev & Vorobyov 2007; Rappaport et al. 2010; Fogarty et al. 2011) .
CRGs are unique laboratories for the study of galaxy collisions because of their simple interaction geometry. For example, the kinematics of the ring provides information about the dynamics of the interaction (e.g. Fosbury & Hawarden 1977; Few, Arp & Madore 1982; Charmandaris & Appleton 1994; Bizyaev et al. 2007; Fogarty et al. 2011 ). This information is used to constrain N -body/hydrodynamical models reproducing the formation process of well studied CRGs such as the Cartwheel galaxy (e.g. Hernquist & Weil 1993; Struck-Marcell & Higdon 1993; Horellou & Combes 2001; Mapelli et al. 2008a) and Arp 147 (e.g. Gerber, Lamb & Balsara 1992; Mapelli & Mayer 2012) .
Numerical simulations are helpful tools to explore the parameter space of the collision and to disentangle the effect of each parameter on the evolution of CRGs. Gerber et al. (1996) study the properties of CRGs formed in axisymmetric encounters with different intruder-to-target mass ratios. They show that, as the intruder mass increases, the ring becomes sharper, expands more rapidly and the secondary ring is less developed. Mapelli & Mayer (2012) explore the connection between gas fraction and star formation (SF) in simulations of empty CRGs (i.e. CRGs without a central nucleus, such as Arp 147), and find that the gas fraction strongly influences the peak of SF rate (SFR) after the starburst. Smith et al. (2012) perform a large parameter study with the aim of reproducing the dynamical properties of the Auriga's Wheel (Conn et al. 2011 ), but they do not take into account the effects of the interaction parameters on the SF.
In this paper, we investigate how the geometry of the impact affects the morphology and SF history of CRGs. We employ a suite of adaptive mesh refinement (AMR) numerical simulations to study systematically the properties of CRGs as a function of the interaction parameters that define the geometry of the encounter. This is the first time that the AMR technique is applied to a wide grid of simulations studying the formation of CRGs. Our choice is particularly important, as the AMR technique ensures a better treatment of hydrodynamical instabilities and shocks with respect to particle-based schemes (e.g. Agertz et al. 2007; Price 2008 ). The paper is organized as follows: in Section 2 we describe the main characteristics of our suite of simulations and briefly discuss the parameters of interest. In Section 3 we present the results, and focus on the morphology and SF history of our models. We also extract synthetic photometric information about the colour of the ring and we compare it with observations. In Section 4 we summarize our main findings.
NUMERICAL SIMULATIONS

Numerical code
Our simulations of galaxy interactions were performed with the public AMR code RAMSES (Teyssier 2002) . RAM-SES solves the fluid equations on an adaptive Cartesian grid by means of a second-order Godunov method coupled with a Riemann solver. This method ensures a better treatment of hydrodynamical instabilities and shocks with respect to particle-based schemes (e.g. Agertz et al. 2007; Price 2008) . Gravitational interactions are calculated using Particle Mesh (PM) techniques for N -body collisionless components (stars and dark matter particles), solving the Poisson equation on the AMR grid with the multigrid strategy of Guillet & Teyssier (2011) .
All the simulations presented in this paper adopt a cubic box of 960 kpc per edge, with a static coarse grid composed of 64 3 cells. We used 7 additional levels of refinement to reach the maximum resolution of ∆x ≃ 117 pc. Grid refinement is triggered following three criteria, one for N -body particles, the other two for the gaseous component. The particle criterion requires that at least 24 particles reside in a cell before the refinement, so as to maintain a roughly constant number of particles per cell. The first criterion for gas is based on a 'quasi-lagrangian' approach according to which refining is triggered if the gas mass inside a cell exceeds a threshold of ∼ 1.5 × 10 5 M⊙. The second gas criterion is based on the Jeans length (Jeans 1919) : a cell at level ℓ is split if the local Jeans length does not exceed 4 times the cell dimension ∆x (ℓ) . In the limit of our maximum resolution, this choice allows us to properly follow the evolution of features such as dynamically unstable gaseous clumps in the expanding ring. Gas dynamics is followed assuming a polytropic equation of state (EOS) with adiabatic index γ = 5/3, corresponding to a perfect mono-atomic gas. The interacting galaxies are embedded in a hot and thin medium with numerical density n bg ≃ 10 −6 cm −3 , and temperature T bg = 5 × 10 5 K. The RAMSES code includes physically-motivated subgrid models for gas cooling, SF and supernova (SN) feedback. The code adopts the cooling function described in Sutherland & Dopita (1993) for temperatures down to ∼ 10 4 K. We include a sub-grid gaseous EOS T = T0(ρ/ρ0) γ 0 −1 to model the behavior of the inter-stellar medium (ISM), where T0 = 1000 K, γ0 = 5/3 and ρ0 is the SF density threshold (see Agertz, Teyssier & Moore 2011) . SF is implemented in RAMSES following the prescriptions by Rasera & Teyssier (2006) . The conversion of gas density ρgas into star density ρ⋆ is based on a Schmidt-law (Schmidt 1959 ) of the form:
where ǫSF is the SF efficiency, t dyn is the local dynamical time and ρ0 is a density threshold. We chose ǫSF = 0.1 and ρ0 corresponding to a numerical density n0 = 5 cm −3 . Such threshold density was selected to resolve the Jeans length (Jeans 1919 ) for a temperature T ∼ 10 3 K (i.e. consistent with the minimum gas temperature in our simulations) with our best spatial resolution (see Mapelli & Mayer 2012 for details). Thus, the adopted threshold density is the highest that can be safely used with our spatial resolution and matches the one adopted in recent cosmological simulations that reproduce realistic Milky Way-like (MWlike) galaxies (Guedes et al. 2011) , and in simulations of the formation of off-centred CRGs (Mapelli & Mayer 2012) . Most of cosmological simulations adopt a much lower density threshold (n0 = 0.1 cm −3 , e.g. Agertz et al. 2011 and references therein) , that might unphysically enhance the SF (see e.g. the discussion in Guedes et al. 2011) . Governato et al. (2010) adopt n0 = 100 cm −3 (a factor of 20 higher than our threshold) in their cosmological simulations, but their spatial resolution is better than ours and their cooling function goes down to ∼ 300 K.
Our adopted value of the SF efficiency (ǫSF = 0.1) is a factor of 2 − 10 higher than adopted in recent simulations (e.g. Agertz et al. 2011) , which follow the observational hints by Krumholz & Tan (2007) . On the other hand, we stress that (i) the ǫSF parameter in our simulations is simply phenomenological and does not have a direct relation to the true SF efficiency within molecular clouds (which we cannot simulate realistically, see the discussion below), and that (ii) Guedes et al. (2011) show that the simulated SF is much more affected by ρ0 than by ǫSF.
Although the SF recipe used by Mapelli & Mayer (2012) is more elaborate than ours, we find similar results about the global SF history for qualitatively similar runs (see the discussion below). Star particles are then spawned following a stochastic approach (Katz 1992), with a mass that is an integer multiple of m
3 . We stress that our best grid resolution (117 pc) and our adopted cooling function (Sutherland & Dopita 1993) are not suitable to follow the formation of low-temperature (< 10 3 K) high-density (> 10 2 cm −3 ) gas clouds, whose typical scale is expected to be 50 pc and that were studied in previous simulations of multiphase interstellar medium (e.g. Gerritsen & Icke 1997; Wada et al. 2002; Bottema 2003; Tasker & Bryan 2006; Wada & Norman 2007; Agertz et al. 2009 ). Therefore, our simulations do not model SF in cold clumps, which is physically the main channel for SF. Accounting for this would be computationally prohibitive to do for a wide set of galaxy interaction runs. SN feedback is implemented as thermal feedback due to Type II SN explosions characterized by a specific energy E ≃ 5 × 10 16 erg g −1 (Agertz et al. 2011) . A total energy amount E = ǫSN m⋆ E is deposited in the 27 cells around the star particle of mass m⋆ during ∼ 10 Myr after the star particle creation. We assume a SN efficiency ǫSN = 0.1.
Galaxy models
We model the target galaxy as a MW-like disc galaxy composed of three N -body components and a gridded one: a dark matter (DM) halo, a stellar disc, a stellar bulge and a gaseous disc, respectively. For the DM halo we choose the density profile by Navarro, Frenk & White (1996, NFW) :
where ρcrit is the critical density of the Universe 1 , rs is the halo scale radius and δc is defined as:
where c is the NFW concentration, c ≡ R200/rs, where R200 is the virial radius of the DM halo so that the virial mass of the NFW halo is M200 = 200 ρcrit (4/3) π R 3 200 . We assume an axisymmetric exponential profile to model both the gaseous and stellar discs:
where M d is the total disc mass, and R d and z d = 0.1R d are the radial and vertical scale length of both the gaseous and stellar discs, respectively. The gaseous disc has an initial constant temperature T0 = 15000 K and we assume that it is composed of a mixture of ionized hydrogen and helium with a mean molecular weight µ ≃ 0.59. The density profile of the stellar bulge follows the spherical Hernquist (1990) model:
where M b is the total mass and as the radial scale length of the bulge. The intruder galaxy is a dwarf, spherical early-type galaxy composed of a NFW DM halo and a central stellar bulge devoid of any gaseous component. We chose not to simulate a gas-rich intruder because, in this paper, we are interested in studying the evolution of the gas of the target separately.
The parameters for the initial conditions (ICs) of the two galaxies are shown in Table 1 . ICs are generated by using the code described in Widrow, Pym & Dubinski (2008) . The code generates self-consistent disc-bulge-halo 
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galaxy models derived from explicit distribution functions for each component (see also Kuijken & Dubinski 1995; Widrow & Dubinski 2005) . We use ∼ 1.5 × 10 6 particles for the DM halo of the target galaxy, while the target disc and bulge are composed of ∼ 3.7×10 5 and ∼ 1×10 5 particles, respectively. The intruder DM halo is composed of ∼ 7.8 × 10 5 particles, while its stellar bulge has ∼ 2.5 × 10 5 particles. The intruder-to-target mass ratio is ∼ 1/2 for both the dark and baryonic components. Such a high value induces a strong perturbation on the target disc (Gerber et al. 1996) . This choice is consistent with observations, indicating that the candidate intruder-to-target mass ratio is generally 0.2 (e.g. Appleton & Struck-Marcell 1996) . We adopt a fraction of gas with respect to the total disc mass fgas = Mgas/(Mgas + M⋆) = 0.075, consistent with observations of MW-sized late-type galaxies in the local Universe (Zhang et al. 2009 , Evoli et al. 2011 ). We do not explore the effects of varying fgas (see Mapelli & Mayer 2012 for this issue).
Interaction parameters
In this paper, we investigate the effects of the interaction parameters on the formation and evolution of CRGs. In particular, we consider the following parameters (represented schematically in Fig. 1 ).
(i) The initial relative velocity V0 is the relative velocity of the centre of mass (CM) of the intruder galaxy with respect to the CM of the target galaxy, at the initial distance between the two galaxies.
(ii) The impact parameter b is the component perpendicular to V0 of the initial distance vector between the CMs of the two galaxies.
(iii) The inclination angle ϑ is the angle between the symmetry axis of the target disc and V0.
We run a set of N -body/AMR simulations exploring two different values of both ϑ and V0, and three different values of b. The initial parameters of our simulation suite are summarized in Table 2 . We initially place the CM of the target galaxy at rest in the centre of the box; the disc lies in the xy plane. The CM of the intruder galaxy has an initial distance D0 from the target CM equal to the target halo virial radius, D0 = R (prim) 200 = 220 kpc, and an initial velocity V0; V0 lies in the yz plane. The time elapsed from Table 2 . List of performed simulations and of their interaction parameters. Fig. 2 shows the face-on view of the simulated target galaxies at time τring ≃ 50 Myr after the interaction. Images show the mass-weighted gas density maps. Regardless of the interaction parameters, the ring-like features of the runs have a typical radius Rring ≃ 6 − 10 kpc (∼ 2 − 3R d ). This value slightly decreases for fast encounters, but the effect is small because the ring expansion velocity is mainly influenced by the mass of the perturber, in agreement with the results of Gerber et al. (1996) .
RESULTS
Morphology
Simulations with b = 0 kpc show circular or nearly elliptical rings, depending on the value of the inclination angle. The gaseous component of the ring is quite broad (with a width ∆Rring ≃ 1.5 − 2 kpc) and clumpy, due to the combined effects of cooling, SF and SN feedback. Inside the ring we observe radial gaseous spokes that are thicker and slightly less developed for the encounter with |V0| = 250 km s −1 , and the presence of a gaseous and starforming secondary ring that recently started propagating. Observations of the Cartwheel galaxy do not support our finding that spokes are mainly composed of gas: no HI or Hα emission is found in the spokes and in the inner ring (Higdon 1995 , Higdon 1996 . However, recent observations of NGC 922 (Pellerin et al. 2010) show Hα emission and the presence of young star clusters along the incomplete ring as well as in the central bar and in correspondence to possible spokes. Also the inner ring of Arp 10 has Hα emission and seems to be a site of SF (Charmandaris, Appleton & Marston 1993 , Bizyaev et al. 2007 ). Therefore, the amount of gas in the spokes and in the central regions of CRGs may depend on the pre-encounter distribution of gas .
Off-centre collisions with b = 5 kpc and b = 10 kpc produce results similar to those reported by Mapelli & Mayer (2012) . The asymmetry of the interaction induces the displacement of the nucleus in the direction of the impact. The ring is also asymmetric and composed of two main structures originating from the displaced nucleus and connected at the end: a wide arc and a straighter arm. The wide arc is generally clumpy (e.g. run a30b5v25 or a30b10v25) and resembles the gravitationally unstable tidal tail produced by galaxy interactions in Wetzstein, Naab & Burkert (2007) . For simulations with b = 10 kpc, the ring is loosely connected for |V0| = 250 km s −1 , and not connected in the case of |V0| = 650 km s −1 . This trend is enhanced when the inclination angle ϑ is increased. Our results suggest an approximate upper limit b 3R d to produce a connected ring from an off-centre high-speed collision. Another common feature of all the runs with b > 0 kpc is the development of a stellar and gaseous bar-like feature in correspondence to the displaced nucleus. Fig. 3 shows edge-on views of all the gaseous target discs at time τring ≃ 50 Myr after the interaction. Images show the effects of the interaction on the vertical structure of the target disc. In all cases, the target is displaced from its original position in the direction of the intruder by 35 kpc and 15 kpc for slower and faster interactions, respectively. Another common feature is the development of thin gaseous tails in the direction of the intruder passage, especially for inclined interactions with ϑ = 30
Disc warping
• . These tails can be sometimes observed as HI plumes departing from the target disc (Higdon 1996) .
Off-centre and low-speed interactions produce more disc vertical heating than faster and symmetric encounters. Moreover, the inclination angle induces a net torque on the target disc along the x axis. Therefore, after the interaction, the ring develops on a plane that is tilted with respect to the original plane of the disc. For the case with b = 0 kpc and ϑ > 0
• , we can estimate the warp analytically. Assuming that the intruder moves on a straight line in the yz plane with an inclination angle ϑ defined as above, only the x component of the torque N does not vanish on the entire target disc. It induces an angular momentum variation that can be estimated as (see Appendix A for details):
where V is the module of the intruder velocity, a is the radial scale of the intruder (for which we assume a Plummer potential, see Appendix A), Mint is the intruder baryonic mass and Σ(r) is the exponential surface density of the target disc. The unperturbed component of the angular momentum can be estimated as:
where Vcirc(r) is the circular velocity of the unperturbed exponential disc. Then, we can parametrize the warping as:
ϕwarp is the average warping of the target disc at each radial position, due to the gravitational torque exerted by the encounter. This simple treatment does not take into account the perturbation by the primary disc on the intruder motion and the propagation of the ring 2 . Thus, it can only predict the overall inclination of the disc, represented by the nearly constant asymptotic value that ϕwarp assumes for radii R 7 kpc (∼ 2R d ), as shown in the left-hand panel of Fig. 4 . This plot shows the radial profile of ϕwarp deduced from Eq. (8) at two characteristic times (0 and 50 Myr after the interaction) for runs a30b0v25 and a30b0v65. For V we use the relative velocity between the CMs of the baryonic components of the two galaxies at the moment of the interaction, as measured from simulations (V = 850 km s −1 for run a30b0v25 and V = 1050 km s −1 for run a30b0v65). We assume the radial scale length of the intruder is a = 0.75 kpc (see Appendix A). For run a30b0v25, ϕwarp approaches the asymptotic value ϕwarp ≃ 16
• , while for run a30b0v65 ϕwarp ≃ 12
• . These values are in fair agreement with simulations (as shown in the right-hand panel of Fig. 4 ) and represent the overall inclination of the target disc with respect to the xy plane.
Off-centre interactions with ϑ > 0 • produce rings completely warped in the vertical direction, especially for slow encounters (see Fig. 3 ). In these cases, the loosely connected ring develops with a nearly helicoidal shape because of the coupled role played by the inclination angle, which induce the vertical torque discussed above, and by the asymmetric propagation of the expanding ring, due to b > 0 kpc (Struck-Marcell 1990) .
SF history
We study the effects of the interaction parameters on the global SF histories of our simulations. In Fig. 5 , we show the SFR as a function of time for all the runs with different inclination angle ϑ, while in Fig. 6 we compare the SF histories for runs with different initial relative velocity V0. Before interaction, the target has a low SFR ∼ 0.1 − 1 M⊙ yr −1 , consistent with the observational Kennicutt-Schmidt relation (Kennicutt 1998) . For all models, the target experiences an enhancement of SF when the intruder crosses the target disc. The SFR rapidly increases from 1 M⊙ yr −1 in the pre-encounter phase to ∼ 10 M⊙ yr −1 during the starburst, in agreement with observations (Mayya et al. 2005 , Rappaport et al. 2010 , Fogarty et al. 2011 . Figs. 5 and 6 suggest that neither ϑ nor V0 influence significantly the SF history of a typical CRG.
By contrast, the impact parameter b influences significantly the SF history in our simulations, as shown in Fig.  7 . We systematically observe a double-peaked SF history for axisymmetric encounters. After the interaction, the SFR steeply increases, reaches a maximum and then decreases on a typical time scale τSF ∼ 50 Myr. This is probably because the ring travels rapidly across the disc during the first ∼ 100 Myr after the interaction; when it reaches the outskirts of the disc, the lower gas density quenches the SF. The first SF bump is followed by a second episode of SF due to the propagation of the secondary ring.
Instead, after the initial starburst, all off-centre encounters show a nearly constant or slowly rising SFR that lasts more than ∼ 100 Myr. The SF histories of runs with b = 5 kpc and |V0| = 250 km s −1 represent a transition between truly axisymmetric and strongly off-centre interactions, as they still show a less pronounced double-peaked shape.
These results are in agreement with Mapelli & Mayer (2012) . In particular, the SFR in their C and D models (with fgas ≃ 0.09 and fgas ≃ 0.05, respectively) reaches ∼ 20 M⊙ yr −1 and ∼ 8 M⊙ yr −1 , respectively, during the first 50 Myr after the interaction. Our run a0b10v65 is qualitatively comparable to theirs and we find similar values of SFR ∼ 8 − 10 M⊙ yr −1 despite the different implementation of the SF in the adopted codes.
None of the considered interaction parameters appreciably affects the peak of SFR. This feature is more sensitive to other parameters such as fgas, as pointed out by Mapelli & Mayer (2012) .
Synthetic photometry
Photometric properties can be inferred from our simulations, by using synthetic stellar population models. We use mass-to-light ratio tables 3 based on the isochrones and synthetic stellar populations of Marigo et al. (2008) and Girardi et al. (2010) . These tables span the stellar age interval from 4 × 10 6 yr to 12.6 × 10 10 yr and give the magnitude in the U BV RIJHK bands for a stellar system with total mass 1 M⊙ and a Chabrier initial mass function (IMF; Chabrier 2001). We assume a constant sub-solar metallicity Z = 0.0019 = 0.1Z⊙, in agreement with observations of CRGs (Fosbury & Hawarden 1977; Bransford et al. 1998 ).
In Fig. 8 the synthetic B − V colour maps obtained for all our simulations at time τring ≃ 50 Myr are shown. We calculated these maps after assigning a random age (between 1 Gyr and 10 Gyr) to stellar particles that were in the ICs; in this process we do not take into account any pre-interaction age/metallicity gradient. For purpose of visualization, maps are smoothed with a Gaussian filter with σ = 300 pc.
All models show a blue ring-like feature with typical colour (B − V )ring ∼ 0.5 mag. The rings are sprinkled with bluer knots corresponding to regions of recent SF, with colour (B − V ) knot 0.4 mag. The underlying disc is redder with an average colour (B − V ) disc ∼ 0.65 mag. The ring is characterized by a blue colour bump with respect to the disc, ∆(B − V ) ∼ 0.2 mag, which is consistent with B − V profiles derived by Romano, Mayya & Vorobyov (2008) for a sample of 15 CRGs. We repeated the same analysis assuming a metallicity Z = 0.019 = Z⊙, and we found similar results, even if with a redder (∼ 0.15 − 0.2 mag) overall colour.
Simulations with b = 0 kpc show a gaseous secondary ring that just started to expand (see Fig. 2 ) and that is expected to form stars, but colour maps do not show an excess of blue colour in the inner regions of the ring. This is in partial agreement with observations: for example, the Cartwheel galaxy shows a red but gas-poor secondary ring (Higdon 1995 , Higdon 1996 . In our models, the secondary ring starts forming stars ∼ 50 Myr after, in correspondence to the second peak of the SFR at ∼ 100 Myr after the interaction.
Off-centre collisions show very blue knots mainly located in the wide arc and at the extremity of the bar-like nuclear region. This suggests that the asymmetry of the encounter can funnel gas to the nucleus and favor SF near it, as observed, for example, in NGC 922 (Pellerin et al. 2010 ).
Our simulations likely underestimate the clumpiness of the blue knots in the ring, as we cannot resolve the giant molecular clouds and thus we cannot produce realistic SF agglomerates, such as young dense star clusters (see Section 2.1 for a discussion about the limitations of the model).
SUMMARY
In this paper, we investigate the properties of CRGs as a function of the interaction parameters by means of AMR hydrodynamical simulations. We focus on three parameters: the impact parameter, the initial relative velocity and the inclination angle.
All the simulations show a few common features, such as the radius of the ring (Rring ≃ 6 − 10 kpc) at time τring ≃ 50 Myr after the interaction, which is weakly influenced by the three interaction parameters described above. On the other hand, axisymmetric encounters produce CRGs noticeably different with respect to those formed by offcentre interactions. Axisymmetric interactions result in a circular primary ring followed by a smaller secondary ring, whereas CRGs born from off-centre collisions show asymmetric rings and a displaced nucleus. In the most asymmetric cases (b = 10 kpc and ϑ = 30
• ) the ring is not connected. The maximum impact parameter to form a connected ring is b 3R d , where R d is the scale length of the target disc.
Interactions with ϑ > 0 • induce a torque on the target disc producing a vertical warp. In the special case of encounters with b = 0 kpc and ϑ > 0
• , the ring develops on a plane tilted with respect to the original target disc plane and we propose a simple analytical treatment to predict the overall warping of the target disc after the interaction.
After the interaction, the ring expansion enhances the SF in the target disc, reaching a typical SFR ∼ 10 M⊙ yr −1 , in agreement with observations (Higdon & Wallin 1997 , Fogarty et al. 2011 . We show that the initial velocity and the inclination angle have weak effects on the peak of the starburst and on the evolution with time of the global SFR. Instead, the impact parameter has a crucial effect on SF: symmetric encounters cause a short-lived starburst episode, whereas off-centre interactions produce long-lasting ( 100 Myr) SF events.
The expanding ring is the region mainly affected by SF, as suggested by observations (e.g. Higdon & Wallin 1997 , Romano et al. 2008 . This is confirmed by the synthetic colour maps (based on the models by Marigo et al. 2008 and Girardi et al. 2010 ) that we compute from the simulations. We find an average B−V colour ∼ 0.5 mag for the ring, with clumps of massive SF with B − V 0.4 mag. The ring is typically ∼ 0.1 − 0.2 mag bluer than the rest of the galaxy, in agreement with the B − V colour profiles measured by Romano et al. (2008) for a sample of 15 CRGs.
A number of issues cannot be explained by our simulations. For example, it is still unclear which mechanism regulates SF in the inner regions of the ring, since HI/Hα observations suggest that secondary rings are gas-poor (e.g., the Cartwheel, Higdon 1995; Higdon 1996 ; but see also Bizyaev et al. 2007 about Arp 10), while our simulations predict the opposite. This may be due to several reasons, such as the initial distribution of gas inside the disc, or the idealized sub-grid SF process that does not take into account the chemical abundances and the role of H2. Thus, future works will require more realistic initial gas distributions and/or more detailed recipes of SF (e.g. H2 regulated SF, Krumholz, McKee & Tumlinson 2009; Kuhlen et al. 2012) to better constrain the SF in CRGs. Another interesting issue we did not explore (but plan to investigate in the future) is the effect of a gas-rich intruder. In this respect, we remind that the SPH simulations of Struck (1997) suggest that the main differences between encounters with (disc-like) gas-rich and gas-poor intruders are related to the SF history, whereas the effects on the ring morphology are quite limited, even if some features (such as plumes) appear to be more developed in the gas-rich case. 
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